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ABSTRACT 

The s o l a r  f l a r e  of 7 J u l y  1966 produced a sudden commencement on 

t h e  e a r t h  a t  2102 UT on 8 J u l y .  The OGO-3 s a t e l l i t e  observed a sudden 

i n c r e a s e  i n  t h e  magnetic f i e l d  i n  t h e  magneto ta i l  fo l lowing  t h e  sudden 

commencement. Using t h e  IMP-3 and Explorer 33 o b s e r v a t i o n s  by Ness and 

Taylor  of  t h e  i n t e r p l a n e t a r y  shock t h a t  caused t h e  sudden commencement, 

t h e  propagat ion  o f  t h e  f i e l d  i n c r e a s e  from t h e  f r o n t  s i d e  of t h e  magneto- 

sphere t o  t h e  t a i l  i s  d iscussed .  It is  shown t h a t  t h e  magnetospheric 

propagat ion of t h i s  p e r t u r b a t i o n  toward t h e  t a i l  i s  f a s t e r  than  t h e  

propagat ion  of the i n t e r p l a n e t a r y  shock j u s t  o u t s i d e  t h e  bow shock. Based 

on t h e  o b s e r v a t i o n s  by OGO-3, t h e  ground o b s e r v a t i o n s ,  and those  made 

i n  i n t e r p l a n e t a r y  space by IMP-3 and Explorer  33, we e s t i m a t e  the  i n t e r -  

p l a n e t a r y  shock speed t o  be approximately 500 km/sec, w i t h  an Alfvhn 

Mach number f o r  t he  shock about 1 . 2 .  This  speed i s  cons iderably  lower 

t h a n  t h a t  deduced by Lazarus and Binsack from t h e i r  plasma measurements 

on Explorer  33, namely, 700 km/sec. Conclusions drawn from t h e  p r e s e n t  

s tudy  a r e :  ( i )  t h a t  t h e  observed magnetic f i e l d  i n c r e a s e  i n  t h e  t a i l  

i s  u n l i k e l y  t o  be due t o  an increased l a t e r a l  p ressure  of  t h e  post-shock 

s o l a r  wind gas from the  s i d e  o f  t h e  t a i l ,  and ( i i )  t h a t  t h e  t r a n s f e r  

of  a d d i t i o n a l  p o l a r  magnetic f l u x  t o  t h e  t a i l  due t o  t h e  i n c r e a s e  i n  

t h e  s o l a r  wind p r e s s u r e  on t h e  f r o n t  s i d e  of  t h e  magnetosphere can 

account f o r  t h e  observed t a i l  f i e l d  i n c r e a s e .  



INTRODUCTION 

Various e f f e c t s  caused by the  c l a s s  2 s o l a r  f l a r e  of 7 J u l y  1966 have 

I '  - I 

been d i scussed  e x t e n s i v e l y .  Van Allen and Ness (1967),  Ness and Taylor 

(1967), and Lazarus and Binsack (1967) have r e p o r t e d  t h e i r  obse rva t ions  

of an i n t e r p l a n e t a r y  shock genera ted  by the f l a r e  gas .  With t h e  magnetic 

obse rva t ions  made by t h e  IMP-3 and Explorer 33 s a t e l l i t e s  j u s t  o u t s i d e  t h e  

e s r t h ' s  hnw shock Ness and Taylor (1967) were ab le  t o  determine t h e  o r i e n -  

t a t i o n  of t he  shock normal i n  i n t e r p l a n e t a r y  space nea r  t h e  e a r t h .  The 

impact of  t he  f l a r e  gas on the  magnetosphere r e s u l t e d  i n  t h e  sudden com- 

mencement (SC) of 8 J u l y  followed by a magnetic storm of moderate i n t e n s i t y .  

The p r e s e n t  paper p r e s e n t s  t h e  OGO-3 magnetometer o b s e r v a t i o n  of a sudden 

magnetic f i e l d  change i n  t h e  magneto ta i l  a s s o c i a t e d  w i t h  t h e  above SC, and - 
d i s c u s s e s  t h e  gross  f e a t u r e  of t he  propagation of t he  magnetic p e r t u r b a t i o n  

of t h i s  SC from t h e  f r o n t  s i d e  of the magnetosphere t o  t h e  magne to ta i l .  

- - 
7 _. 

-.,------- -/------\ 

KO-3 OBSERVATION 

The magnetic f i e l d  ins t rumenta t ion  f o r  OGO-3 c o n s i s t s  of  a d u p l i c a t e  

se t  o f  t h e  magnetometers flown on OGO-1,  namely a rubidium vapor magnet- 

ometer and a f l u x g a t e  magnetometer (Heppner e t  a l . ,  1967).  The t r i a x i a l ,  

d u a l  range f l u x g a t e  magnetometer measures v e c t o r  f i e l d  over t h e  ranges of 

0 t o  2 30 y and 0 t o  - + 500 y. The f o u r - c e l l  rubidium vapor magnetometer 

measures t h e  s c a l a r  f i e l d  over t h e  range of 3 t o  14,OOOy wi th  a programmed 

b i a s  f i e l d  added f o r  v e c t o r  measurements i n  weak magnetic f i e l d s .  The 

v e c t o r  measurements wi th  the  rubidium vapor magnetometer a r e  used t o  make 

i n - f l i g h t  c a l i b r a t i o n  of the  f luxgate  magnetometer. 

F igu re  1 shows t h e  magnitude B of t he  magnetic f i e l d  i n t e n s i t y  a s  

observed by t h e  OGO-3 magnetometers dur ing  a t e n  hour pe r iod  inc lud ing  
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t he  e f f e c t  of the  SC, namely, a sudden i n c r e a s e  by approximately 15y i n  

B commencing a t  about 21h02m40s on 8 J u l y  1966. For most of the  pe r iod  

covered i n  Figure 1, from 15h00m t o  22h36m, p o i n t s  r e p r e s e n t  2-minute 

averages o f  the rubidium vapor magnetometer r e a d i n g s ,  and f o r  t h e  remaining 

per iod  B was c a l c u l a t e d  from t h e  30 second averages  of t h e  3-component f l u x -  

ga t e  magnetometer d a t a .  For s e v e r a l  hours  p r i o r  t o  t h e  sudden i n c r e a s e  

t h e  s a t e l l i t e  was i n  a s t eady  magne to ta i l  f i e l d  of 40y. A t  t h e  time of 

the o n s e t  of t h e  f i e l d  i n c r e a s e  t h e  s o l a r  e c l i p t i c  c o o r d i n a t e s ,  X ,  Y ,  and 

Z of  the  p o s i t i o n  of OGO-3 were -10.10, 10 .27 ,  and 11.55 e a r t h - r a d i i  (Re),  

r e s p e c t i v e l y ;  h e r e  t h e  X a x i s  i s  d i r e c t e d  toward t h e  sun ,  t h e  2 a x i s  

perpendicular  t o  t h e  e c l i p t i c  p lane  and toward t h e  n o r t h ,  and t h e  Y a x i s  

i s  o r i e n t e d  so t h a t  t h e  X ,  Y ,  and Z axes form a r igh t -handed  o r thogona l  

system. (The p o s i t i o n s  of t h e  s a t e l l i t e s  p r o j e c t e d  on to  t h e  s o l a r  e c l i p t i c  

plane w i l l  be shown l a t e r  i n  F igu re  4 . )  

The r i s e  time of  t he  sudden change was approximately 4 minutes .  Though 

t h e  change appears t o  be abrupt  i n  a p l o t  on a condensed t i m e  s c a l e  l i k e  

i n  F igure  1, the  f i e l d  change i s  found t o  be gradual  and smooth when t h e  

raw d a t a ,  taken a t  h ighe r  sampling r a t e s ,  a r e  p l o t t e d  on an expanded t i m e  

s c a l e .  I n  such p l o t s  t h e  o n s e t  time of t he  f i e l d  change cannot be p r e c i s e l y  

ass igned  because of t h e  slowness of t he  r i s e .  The t i m e  given above, i . e . ,  

21h02m40s, should be understood i n  t h i s  c o n t e x t ;  whi le  the  r ise  time of 

4 minutes desc r ibes  t h e  g ross  f e a t u r e  of t h e  change q u i t e  w e l l .  F igu re  2 

showing B and t h e  f i e l d  d i r e c t i o n  i n  s o l a r  e c l i p t i c  c o o r d i n a t e s  i s  p resen ted  

t o  i l l u s t r a t e  t h e  smoothness of t h e  v a r i a t i o n  and the  sma l lnes s  i n  t h e  

d i r e c t i o n  change. Immediately be fo re  the  SC change t h e  d i r e c t i o n  of t h e  

magnetic f i e l d  v e c t o r  can be expres sed ,  i n  terms of  s o l a r  e c l i p t i c  

. 
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l a t i t u d e  8 and long i tude  8 ,  by: 8 

e c l i p t i c  p l ane )  and 8 x -25' (minus sign f o r  west of t h e  s u n ) .  

-5' (minus s i g n  f o r  sou th  o f  t h e  s o l a r  

F igure  3 

shows a s e c t i o n  of t h e  d a t a  taken  a t  the r a t e  of 6.94 samples p e r  second. 

The smal l  s c a t t e r  i n  d a t a  p o i n t s  i s  mainly due t o  t h e  n o i s e  from the  

s p a c e c r a f t .  No h igh  frequency f l u c t u a t i o n s  such as those  o f t e n  observed 

nea r  t h e  bow shock (Heppner e t  a l .  , 1967) a r e  found i n  t h e  SC f i e l d  i n c r e a s e  

even when t h e  d a t a  taken  a t  t he  sampling r a t e  of  111.1 t i m e s  p e r  second 

a r e  examined. 

OTHER OBSERVATIONS 

(1) The r e s u l t s  ob ta ined  by Ness and Taylor  (1967) from t h e i r  mag- 

netometer obse rva t ions  on t h e  s a t e l l i t e s  IMP-3 and Explorer  33 p l ay  an 

impor tan t  r o l e  i n  the  subsequent d i s c u s s i o n s .  Hence t h e i r  r e s u l t s  p e r t i n e n t  

t o  our s tudy  a r e  summarized below. 

According t o  Ness and Taylor (p r iva t e  communication) t h e  t i m e s  of 

encounter  of the  f l a r e - g e n e r a t e d  shock wi th  IMP-3 and Explorer  33 and t h e  

p o s i t i o n s  of t hese  s a t e l l i t e s  a t  t h e  t i m e  of t h e  encounter  i n  s o l a r  

e c l i p t i c  coord ina te s  (X,  Y ,  and Z) are a s  fo l lows :  

IMP-3: 

Explorer  33: 

(2.57, 36.74, -5 .66 ) ,  21h05m39s - + 20' UT 

( -29 .2 ,  -60.0,  - 2 . 3 ) ,  21h05m42s - + 6' UT 

where X ,  Y ,  and z a r e  given i n  u n i t s  o f  e a r t h - r a d i i  (&). 

From t h e  c o n d i t i o n  t h a t  t h e  component of t h e  magnetic i nduc t ion  - B 

normal t o  the  d i s c o n t i n u i t y  s u r f a c e  i s  cont inuous  ac ross  t h i s  su r f ace  Ness 

and Taylor (1967) c a l c u l a t e d  t h e  d i r e c t i o n  of t h e  s u r f a c e  normal. The 

r e su l t s  a r e :  from IMP-3, 8 = 16' , 0 = 160' ; from Explorer  33 , 8 = 47O , 

8 = 163O.' When the  c o p l a n a r i t y  theorem f o r  an i d e a l  shock i s  appl ied  



- 4 -  

t he  r e s u l t s  d i f f e r  from t h e s e  v a l u e s ,  apprec iab ly  f o r  Explorer  33. Ness 

and Taylor noted t h a t  t he  d i f f e r e n c e  f o r  Explorer  33 might have been due 

t o  the  presence of t he  moon i n  f r o n t  of t he  s a t e l l i t e .  

(2)  The t i m e  of  the onse t  of t h e  SC a s  observed on t h e  e a r t h ' s  s u r -  

f ace  has  been determined t o  be 21h02m15s on 8 J u l y  wi th  an u n c e r t a i n t y  of 

about - + 5 seconds due mainly t o  t h e  slowness of  t h e  i n i t i a l  r i s e .  

determinat ion is  based on an in spec t ion  of the  r ap id - run  magnetograms from 

Honolulu, Col lege,  Tucson, and F rede r i cksburg .  Standard magnetograms from 

d i f f e r e n t  p a r t s  o f  t he  world i n d i c a t e  a world-wide na tu re  of t he  e v e n t ,  

b u t  t h e i r  t i m e  r e s o l u t i o n s  a r e  not  adequate t o  provide accu ra t e  d a t a  on 

the  onse t  t i m e .  The accuracy of  the  onse t  time adopted he re  i s  adequate  

f o r  the following d i s c u s s i o n s .  

This  

INTERPRETAT I ON 

For the p re sen t  purpose the  t imes o f  encounters  of the  shock wi th  

IMP-3 and Explorer 33 a s  i n d i c a t e d  i n  the  preceding Sec t ion  a r e  c l o s e  

enough t o  be regarded a s  be ing  s imultaneous.  We take  t h e  common t i m e  o f  

encounter  t o  be 21h05m40s f o r  t he  sake of s i m p l i c i t y .  

f e r ences  between t h i s  t i m e  and those  given i n  the  preceding  Sec t ion  a r e  

w i t h i n  t h e  u n c e r t a i n t i e s  p re sc r ibed  by Ness and Taylor .  L a t e r  we w i l l  

show t h a t  these u n c e r t a i n t i e s  w i l l  no t  a f f e c t  t he  main l i n e  of  argument 

i n  the  present  paper .  Since t h e  s a t e l l i t e  v e l o c i t i e s  a r e  s m a l l ,  be ing  

on t h e  order  of  1 km/sec,  t he  u n c e r t a i n t i e s  i n  the  p o s i t i o n s  o f  t h e  

s a t e l l i t e s  a r i s i n g  from those  i n  t ime a r e  completely n e g l i g i b l e .  

Note t h a t  t he  d i f -  

We assume t h a t  the  shock s u r f a c e  can be cons idered  a s  be ing  approxi -  

mately a plane moving wi th  a uniform v e l o c i t y  i n  the  d i r e c t i o n  normal t o  
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i t s  f r o n t  s u r f a c e  over  dimensions of the  o rde r  of 100 Re, roughly t h e  

d i s t a n c e  between IMP-3 and Explorer  33 a t  t h e  t i m e  of t h e  passage of t h e  

shock. As  w a s  dep ic t ed  by Ness and Taylor i n  F igure  6b i n  t h e i r  p a p e r  

(1967) t h e  shock f r o n t  must have had a curved s u r f a c e  when viewed on a 

l a r g e ,  i n t e r p l a n e t a r y  scale. However, over  such s m a l l  dimensions as 

a r e  considered h e r e  t h e  assumption ind ica ted  above seems t o  be  reasonable .  

Having made t h i s  assumption and another  r ega rd ing  t h e  s imultaneous 

encounters  of t h e  shock wi th  IMP-3 and Explorer 33, t he  d i r e c t i o n  of t h e  

normal t o  t h e  shock s u r f a c e  can r ead i ly  be determined.  

t h e  normal so  obta ined  i s  161.8'. 

w e  only  cons ider  a two-dimensional problem on t h e  s o l a r  e c l i p t i c  p lane  

by fo l lowing  t h e  motion of t h e  i n t e r s e c t i o n  of t h e  shock and t h i s  plane;  

and t h e  s a t e l l i t e  p o s i t i o n s  are a l l  pro jec ted  onto  t h e  same plane.  W e  

d e f i n e  mutual ly  or thogonal  5 ,  ll axes wi th  t h e i r  o r i g i n  a t  t h e  e a r t h ' s  

c e n t e r  and l e t  t h e  p o s i t i v e  5 a x i s  be d i r e c t e d  p a r a l l e l  t o  t h e  shock 

normal as shown i n  F igu re  4. Figure 4 i s  intended t o  show t h e  d i r e c t i o n  

of  propagat ion of t h e  i n t e r p l a n e t a r y  shock and r e l e v a n t  geometr ica l  

r e l a t i o n s  between t h e  t h r e e  s a t e l l i t e s ,  t h e  e a r t h ,  t he  magnetopause, and 

t h e  bow shock. 

The angle  0 f o r  

For s i m p l i c i t y  and c l a r i t y  of argument 

According t o  Lazarus and Binsack (1967) t h e  d e n s i t y ,  n ,  and the  

v e l o c i t y ,  v, of  t h e  s o l a r  wind observed by t h e  MIT plasma ins t ruments  on 

Explorer  33 w e r e :  n = 3 ~ m ' ~  and v = 350 km/sec before  t h e  a r r i v a l  of  

t h e  shock. The d i s t a n c e  of t h e  magnetopause from t h e  e a r t h ' s  c e n t e r  a t  

t h e  s u b s o l a r  p o i n t  f o r  t h e s e  plasma parameters i s  es t imated  a t  11 Re. 

The magnitude, B,  of t h e  magnetic induct ion i n  i n t e r p l a n e t a r y  space w a s  

about IOy p r i o r  t o  t h e  a r r i v a l  of t h e  shock (Ness and Taylor ,  1967). 
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With t h e  dens i ty  of 3 pro tons  cm-3 t h e  Alfvgn v e l o c i t y  i s  126 km/sec and 

the  AlfvGn Mach number MA f o r  t h e  s o l a r  wind i s  2.8.  

of t he  work of  S p r e i t e r  e t  a l .  

bow shock i s  approximately 5 Re. Thus t h e  p o s i t i o n  of  t h e  bow shock a t  

the subsolar  p o i n t  i s  es t imated  t o  be nea r  16 Re be fo re  t h e  a r r i v a l  of 

t h e  shock from t h e  f l a r e .  

Using t h e  r e s u l t s  

(19661, t h e  s tand-of f  d i s t a n c e  f o r  t h e  

By taking p r o j e c t i o n s  of t h e  p o s i t i o n s  of t h e  t h r e e  s a t e l l i t e s  onto  

t h e  < -ax i s  w e  can now r e p r e s e n t  t h e  series of events  a s s o c i a t e d  wi th  t h e  

shock one-dimensionally.  Re fe r r ing  t o  F igure  4 ,  an o v e r a l l  p i c t u r e  i s  

as fo l lows:  w e l l  w i t h i n  30 seconds of t h e  onse t  of t h e  SC a t  t h e  e a r t h  

the  f r o n t  of t h e  p e r t u r b a t i o n  w a s  propagat ing i n t o  t h e  magne to ta i l  pas s ing  

OGO-3; while i t  took more than  3 minutes f o r  t h e  i n t e r p l a n e t a r y  shock t o  

reach  IMP-3 and Explorer  33, though the  coord ina te s  < f o r  t h e s e  s a t e l l i t e s  

were less than 5 f o r  OGO-3. This  sugges t s  t h a t  t h e  propagat ion  of t h e  SC 

pe r tu rba t ion  i n  t h i s  event ,  and ve ry  l i k e l y  i n  many o t h e r  cases, i s  f a s t e r  

i n s i d e  t h e  inagnetopause than  i n  i n t e r p l a n e t a r y  space.  

Figure 5 shows t h e  propagat ion of t h e  p e r t u r b a t i o n  f r o n t  by p l o t t i n g  

even t s  i n  a ! - t ime coord ina te  system. I n  such a diagram t h e  t r a j e c t o r y  

of  an ob jec t ,  whether a wave f r o n t  o r  a s a t e l l i t e ,  could be  r ep resen ted  

by a curve,  and i t s  l o c a l  v e l o c i t y  by t h e  l o c a l  s l o p e  of t h e  curve.  Be- 

cause of t h e i r  very low v e l o c i t i e s  t h e  s a t e l l i t e s  a r e  v i r t u a l l y  s t a t i o n a r y  

over  t he  time i n t e r v a l s  r e l e v a n t  he re .  

F romthe  c o n t i n u i t y  of m a s s  flow a c r o s s  t h e  shock Lazarus and Binsack 

(1967) es t imated t h e  shock speed t o  be about  750 km/sec assuming t h e  shock 

normal t o  l i e  i n  t h e  e c l i p t i c  and along a r a d i a l  d i r e c t i o n  from t h e  sun 
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( i . e . ,  8 = 180'); i f  t h e  normal i s  taken t o  be i n  t h e  e c l i p t i c  b u t  w i th  

8 = 160', t h e  shock speed becomes 700 km/sec, as t h e s e  au tho r s  i n d i c a t e .  

In  F igu re  5 a s t r a i g h t  l i n e  i s  drawn through t h e  p o i n t  r e p r e s e n t i n g  IMP-3 

and Explorer  33 t o  show t h e  shock propagation wi th  t h e  speed of 700 km/sec. 

The t i m e  r equ i r ed  f o r  a hydromagnetic wave t o  t r a v e l  from t h e  magneto- 

pause t o  t h e  e a r t h  has  been est imated by s e v e r a l  au tho r s  (e .g . ,  

Dess l e r ,  1958; F ranc i s  e t  a l . ,  1959; Sugiura,  1965).  A s i m i l a r  e s t ima te  

i s  r epea ted  i n  t h e  p re sen t  paper incorpora t ing  r e c e n t  obse rva t iona l  

r e s u l t s  on p l a s m a  d e n s i t y  and a magnetic f i e l d  model t h a t  i nc ludes  t h e  

presence  of a s h e e t  c u r r e n t  across  the magne to ta i l ,  us ing  t h e  Williams- 

Mead model (Williams and Mead, 1965). For t h e  f a s t  mode of  hydromagnetic 

wave, a ray  can be t r aced  by i n t e g r a t i n g  c e r t a i n  canonica l  equat ions  

(Stegelmann and von Kenschi tzk i ,  1964; Sugiura ,  1965). Although the  r ay  

theory  i s ,  s t r i c t l y  speaking, v a l i d  only f o r  small  amplitude waves, 

e s t i m a t e s  of t r a n s i t  t imes based on t h i s  method probably g i v e  va lues  

t h a t  are c o r r e c t  i n  order  of magnitude, and should be u s e f u l  u n t i l  exac t  

s o l u t i o n s  a r e  found. 

The t i m e  of t r a n s i t  r a d i a l l y  inward from t h e  subso la r  po in t  on the  

magnetopause t o  t h e  ionosphere a t  300 km l e v e l  i s  approximately 80 seconds 

f o r  t h e  model used. Consider ing t h e  vary ing  cond i t ions  i n  t h e  magneto- 

sphere  a t r a n s i t  time of 60 t o  90 seconds would be  a reasonably  r e l i a b l e  

e s t ima te .  Taking t h e s e  va lues  as the l i m i t s ,  a range f o r  t h e  average speed 

of propagat ion from t h e  magnetopause t o  t h e  e a r t h  i s  i n d i c a t e d  i n  F igure  

5 by t h e  two broken l i n e s  extending from the  e a r t h  toward a shaded area 

r e p r e s e n t i n g  t h e  reg ions  on t h e  magnetopause from which t h e  f i r s t  e f f e c t  
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of t h e  SC propagated t o  t h e  e a r t h .  The a c t u a l  pa th  of  a r ay  would no t  

be a s t r a i g h t  l i n e  s i n c e  t h e  Alfv th  v e l o c i t y  varies cons iderably  dur ing  

i t s  t r a n s i t ,  An example of a r a y  t h a t  propagates  r a d i a l l y  inward i s  

shown by a curve i n  F igure  5. 

A s  has  a l ready  been mentioned, t h e  magnetic f i e l d  i n  t h e  pre-shock 

s o l a r  wind was about 1Oy (Ness and Taylor ,  1967).  There a r e  no obse rva t ions  

of t h e  magnetic f i e l d  o r  t h e  plasma i n  t h e  magnetosheath nea r  t h e  s u b s o l a r  

po in t  a t  t h e  t ime of  our  p re sen t  i n t e r e s t .  We a r b i t r a r i l y  set  t h e  lower 

l i m i t  t o  t he  average Alfv& v e l o c i t y  i n  t h i s  r eg ion  t o  be 3 t imes t h e  

Alfv6n v e l o c i t y  i n  t h e  pre-shock s o l a r  wind; t h i s  va lue  i s  then found t o  

be roughly the pre-shock s o l a r  wind v e l o c i t y .  On t h e  o t h e r  hand, t h e  

average Alfv6n v e l o c i t y  i n  t h e  magnetosheath nea r  t he  s u b s o l a r  po in t  i s  

probably l e s s  than  t h a t  immediately i n s i d e  t h e  magnetopause, and t h e  

upper l i m i t  t o  t h i s  v e l o c i t y  may be  set  a t  1000 km/sec. 

f o r  t h e s e  l i m i t s  a r e  no t  c r i t i c a l  i n  t h e  d i s c u s s i o n s  t h a t  fol low.  The 

propagat ion in  t h e  magnetosheath i s  i l l u s t r a t e d  i n  F igure  5 between t h e  

two shaded areas .  The shaded a r e a  i n  t h e  lower l e f t  r e p r e s e n t s  t h e  r eg ion  

of t h e  bow shock t h a t  had t h e  i n i t i a l  c o n t a c t  w i t h  t h e  i n t e r p l a n e t a r y  

shock. 

Exact va lues  

In  t h e  o u t e r  r eg ion  of t h e  magnetosphere t h e  Alfvgn v e l o c i t y ,  VA, 

could be q u i t e  high.  

a l r eady  g r e a t e r  than  t h e  shock speed i n  i n t e r p l a n e t a r y  space.  This  

a p p l i e s  a l s o  to  t h e  magneto ta i l .  I n  t h e  pre-SC cond i t ion  B i n  t h e  t a i l  

w a s  40y ( see  Figure 1); thus ,  i f  t h e  ion  d e n s i t y  w a s  less than  1 ~ m ’ ~ ,  

t h e  Alfvgn v e l o c i t y  i n  t h e  magne to ta i l ,  a t  t h i s  l a t i t u d e  o u t s i d e  t h e  

I f  B = 40y and n = 1 VA = 870 km/sec, a va lue  
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p lasma s h e e t ,  could have been i n  excess of 1000 km/sec. In F igure  5 

t h e  l o c a l  AlfvGn v e l o c i t y  i n  t h e  v i c i n i t y  of OGO-3 i s  i l l u s t r a t e d  by 

showing two v e l o c i t i e s  corresponding t o  n = 1 cm-3 and n = 0.1  cm- 3 . 
With t h e s e  cons ide ra t ions  t h e r e  does not  seem t o  be any d i f f i c u l t y  

i n  accept ing  t h a t  t h e  SC pe r tu rba t ion  propagated f a s t e r  i n s i d e  t h e  mag- 

netnpaiise than i n  i n t e r p l a n e t a r y  space. It i s  noted h e r e  t h a t  w e  have 

no t  had any e x t r a o r d i n a r y  cond i t ions  i n  t h i s  p a r t i c u l a r  even t ;  t h e  mag- 

n e t i c  f i e l d  i n  t h e  magneto ta i l  may be somewhat s t r o n g e r  than  usua l ,  bu t  

c e r t a i n l y  n o t  much. Thus t h e  above circumstance must occur  f r equen t ly .  

Having placed t h e  observa t ions  a t  t h e  e a r t h  and a t  t h e  p o s i t i o n  of  

OGO-3 i n  proper  o rde r ,  we sugges t ,  on t h e  b a s i s  of F igure  5 ,  t h a t  t h e  

shock speed i n  n e a r - e a r t h  i n t e r p l a n e t a r y  space  w a s  about 500 km/sec. 

Even when e f f e c t s  of va r ious  u n c e r t a i n t i e s ,  such a s  those  d iscussed  below, 

a r e  assessed  t h e  shock speed of 700 km/sec suggested by Lazarus and 

Binsack (1967) seems t o  be  too  high t o  be compatible  wi th  o t h e r  obse rva t ions  

un le s s  t h e  shock f r o n t  had cons iderable  cu rva tu re  over  a dimension o f  

100 R e  nea r  t h e  e a r t h .  

From t h e  c o n t i n u i t y  of mass flow ac ross  t h e  shock t h e  shock v e l o c i t y  

V can be  expressed as 

v = (a, v2 - v 1 ) / ( a  - 1) 

where v1 and v2 are  t h e  plasma v e l o c i t i e s  i n  t h e  pre-shock and t h e  pos t -  

shock gas and a = n 2 / n l ,  i . e . ,  t h e  r a t i o  of t h e  plasma d e n s i t i e s .  Taking 

V = 500 km/sec, a = 2 (using n l  = 3 ~ m ' ~ ,  n2 = 6 ~ m ' ~ )  and VI = 350 km/sec, 

172 must be 425 km/sec. 

and so  long a s  t h i s  r a t i o  i s  about 2 ,  v2 cannot be ve ry  much d i f f e r e n t  

This va lue  depends on t h e  r a t i o  of n2 t o  nl only,  
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from t h e  above value.  For V = 500 km/sec t h e  Alfv6n Mach number f o r  

t h e  shock ( r e l a t i v e  t o  t h e  pre-shock gas)  i s  1 . 2 ,  i n d i c a t i n g  t h a t  t h i s  

i s  a weak shock. 

A s  has been i n d i c a t e d  ea r l i e r  t h e  t i m e s  of  encounter  of t h e  shock 

wi th  IMP-3 and Explorer 3 3  have u n c e r t a i n t i e s  of 220 seconds and 2 6  

seconds,  r e spec t ive ly .  These u n c e r t a i n t i e s  w i l l  r e f l e c t  on t h e  d e t e r -  

mina t ion  of @. Let  u s  t ake  two extreme c a s e s ,  namely: ( i )  a case  i n  

which t h e  time c o r r e c t i o n  f o r  IMP-3 i s  +20 seconds and t h a t  f o r  Explorer  

3 3  i s  -6 seconds, and ( i i )  ano the r  case  i n  which t h e  former i s  -20 seconds 

and t h e  l a t t e r  is  +6 seconds.  Corresponding t o  t h e s e  two extreme c a s e s  

8 i s  160.1' and 163.5O, r e s p e c t i v e l y .  

accord ingly .  The p o s i t i o n s  of  t h e  s a t e l l i t e s  f o r  t h e s e  two cases  are 

shown i n  Figure 5 wi th  marks A and B.  It i s  c l e a r  t h a t  t h e  arguments 

presented  above are no t  a f f e c t e d  by t h e  u n c e r t a i n t i e s  i n  t i m e .  

Coordinates  5 and 7 w i l l  change 

DISCUSSIONS --- 
(1) Except i n  t h e  p l a s m a  s h e e t  ac ross  t h e  middle  of t h e  magne to ta i l  

t h e  magnetic f i e l d  energy d e n s i t y  must dominate over  t h e  p l a s m a  k i n e t i c  

energy dens i ty  f o r  a cons ide rab le  d i s t a n c e  from t h e  e a r t h .  This  i s  i n f e r r e d  

from t h e  remarkable s t e a d i n e s s  of t h e  t a i l  f i e l d  o u t s i d e  t h e  p lasma s h e e t .  

A t  t h e  su r face  of t h e  magne to ta i l  t h e  magnetic p re s su re  i n s i d e  i s  balanced,  

i n  an equi l ibr ium s t a t e ,  by t h e  p lasma p r e s s u r e  p l u s  t h e  magnet ic  p r e s s u r e  

i n  t h e  magnetosheath. The arguments presented  i n  t h e  preceding Sec t ion  

c l e a r l y  i n d i c a t e  t h a t  t h e  i n c r e a s e  i n  t h e  magnet ic  f i e l d  i n  t h e  t a i l  as 

observed by OGO-3 i s  n o t  due t o  an i n c r e a s e  i n  t h e  l a t e ra l  p r e s s u r e  from 

t h e  s o l a r  wind gas immediately o u t s i d e  t h e  magne to ta i l ,  s i n c e  t h e  f r o n t  
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s u r f a c e  of t h e  high v e l o c i t y ,  h igh  d e n s i t y  gas has  n o t  reached t h a t  d i s t a n c e  

i n  i n t e r p l a n e t a r y  space .  

A more p l a u s i b l e  explana t ion  i s  to  i n t e r p r e t  t h e  i n c r e a s e  i n  t h e  t a i l  

f i e l d  t o  be due t o  a t r a n s f e r  o f  magnetic f l u x  from t h e  f r o n t  s i d e  of t h e  

magnetosphere t o  t h e  t a i l  a s  a r e s u l t  of the compression of  t h e  magnetosphere. 

A roiigh e s t i m a t e  of t h e  amount of f l u x  t r a n s f e r r e d  t o  the t a i l  due t o  a 

compression can be made a s  fo l lows .  We f i r s t  make a simple assumption t h a t  

t h e  magnetic f l u x  c r o s s i n g  the  e a r t h ' s  s u r f a c e  w i t h i n  a c i r c l e  of  c o l a t i t u d e  

0, is  a l l  drawn back t o  t h e  t a i l  when the  geocent r ic  d i s t a n c e  of t h e  mag- 

netopause along t h e  sun-ear th  l i n e  i s  rb1.  Then we a sk :  ( a )  where t h i s  

d i v i d i n g  c o l a t i t u d e  c i r c l e  goes when the magnetopause i s  compressed t o  rb2 

and (b) how much more f l u x  w i l l  b e  pushed back to  t h e  t a i l  when t h e  a d d i t i o n a l  

compression alone i s  taken i n t o  account.  

Y 

For  a pure d i p o l e ,  t h e  magnetic f l u x  Y t h a t  c r o s s e s  the  e a r t h ' s  s u r -  

f a c e  w i t h i n  the  c i r c l e  of c o l a t i t u d e  0 i s  given by 

Y = X: r2rsdp! JQ B, s i n  9de 4) 0 

2 2  
e 

= 2B0 n R s i n  8 

where Br is  t h e  r a d i a l  component of  - B y  8 l o n g i t u d e ,  and Bo t h e  magnetic 

i n d u c t i o n  a t  t h e  equator  on t h e  e a r t h ' s  s u r f a c e .  We assume t h a t  t h e  c r o s s  

s e c t i o n  of t h e  t a i l  h a s  an a r e a  k2 times t h a t  of t h e  e a r t h ,  i . e . ,  k2rrRe , 

and t h a t  t he  t a i l  f i e l d  i s  uniform i n  magnitude but i s  d i r e c t e d  toward the  

e a r t h  i n  one-half  t he  c r o s s  s e c t i o n a l  a r e a  and away from the  e a r t h  i n  t h e  

remaining h a l f .  No assumption is made a t  t h i s  s t a g e  on t h e  shape of t h e  

2 
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t a i l .  The t a i l  f i e l d  magnitude B t ,  i s  then  given by 

Thus, i f  k remains the  same a f t e r  t he  SC, we have 

Bt2/Btl = s i n 2 Q 2 / s i n 2 Q l  ( 3 )  

We now a t tempt  t o  determine t h e  r igh t -hand s i d e  of  E q .  (3)  from the  

magnetosphere compression on t h e  f r o n t  s i d e ,  u s i n g  a p rope r ty  of t he  Mead- 

Beard magnetosphere model (Mead and Beard, 1 9 6 4 ;  Mead, 1 9 6 4 ) ,  namely t h a t  

t h e i r  model magnetosphere can be sca l ed  t o  d i f f e r e n t  s o l a r  wind c o n d i t i o n s ,  

as represented  by the  subso la r  magnetopause d i s t a n c e  r b ,  by a d j u s t i n g  t h e  

r a d i u s  of the e a r t h .  We make a hypo thes i s  t h a t  t h e  same method can be 

app l i ed  t o  our f i e l d  conf igu ra t ion  t h a t  i n c l u d e s  t h e  magne to ta i l .  Then, 

once w e  pos tu l a t e  the  p o s i t i o n  of  t h e  d i v i d i n g  c o l a t i t u d e  81 when the  mag- 

netopause i s  a t  r b l ,  t h e  d i v i d i n g  c o l a t i t u d e  02 when r b  = rb2  can be 

approximately determined by t a k i n g  an undis turbed  d i p o l e  f i e l d  l i n e  t h a t  

i n t e r s e c t s  the e a r t h ' s  su r f ace  a t  81 i n  the  i n i t i a l  s t a t e ,  and by f i n d i n g  

the  c o l a t i t u d e  82  a t  which the  same f i e l d  l i n e  i n t e r s e c t s  t h e  s p h e r i c a l  

su r f ace  r ep resen t ing  t h e  e a r t h ' s  su r f ace  i n  the  f i n a l  s t a t e .  This  can be 

done by tak ing  the  r ad ius  of  t h e  e a r t h  i n  the  l a t t e r  s t a t e  t o  be r b l / r b 2  

t i m e s  t h e  i n i t i a l  r a d i u s .  The approximation l i e s  i n  t h e  use of an undis -  

t o r t e d  d ipole  f i e l d  l i n e  r a t h e r  than  the  a c t u a l  d i s t o r t e d  f i e l d  l i n e  t h a t  

r e p r e s e n t s  the d i v i d i n g  l i n e  i n  the  Mead-Beard model ; t h i s  approximation 

i s  j u s t i f i e d  i n  the  v i c i n i t y  of  t he  e a r t h .  Using the  equa t ion  f o r  the  

d ipo le  l i n e  o f  f o r c e ,  w e  have 
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From Eqs. (3)  and ( 4 )  t h e  r a t i o  Bt2/Bt1 reduces t o  

I .  

Hence t h i s  r a t i o  i s  independent of k2 ;  a l l  t h a t  i s  requi red  i s  t h a t  k2 r e -  

mains c o n s t a n t .  The i n c r e a s e  ABt( s Bt2  - Btl) is given by 

According t o  Mead (1964) t h e  d i s t a n c e  rb of t h e  magnetopause a t  t h e  

s u b s o l a r  p o i n t  i s  given by 

(7)  
r b  = 1.068 (M2/4n nmv2) 116 

where M i s  t h e  e a r t h ’ s  d i p o l e  moment, n and v t h e  d e n s i t y  and t h e  v e l o c i t y  

of t h e  s o l a r  wind, r e s p e c t i v e l y ,  and m t he  proton mass. Using t h e  s o l a r  

wind parameters  quoted i n  the  preceding Sec t ion  r b l  and rb2 are found t o  

be 11.1 Re and 8.5 Re r e s p e c t i v e l y .  However, i t  i s  the  r a t i o  r b l / r b 2  t h a t  

i s  of our  p r e s e n t  i n t e r e s t .  This r a t i o  reduces t o  

which impl ies  t h a t  r b l / r b 2  depends only on t h e  r a t i o s  n2/n l  and v*/v1. 

our  p r e s e n t  case  r b l / r b 2  i s  found t o  be 1.305. 

Eq. 

observed l e v e l  change i n  t h e  t a i l  f i e l d .  The peak of t h e  i n i t i a l  r ise  

(Fig.  1 )  i s  s e v e r a l  gammas h igher  than t h e  above v a l u e ,  but t h i s  may be 

due t o  a hydromagnetic impact e f f e c t  r a t h e r  than  due t o  a q u a s i - s t a t i o n a r y  

level  change t h a t  i s  be ing  considered h e r e .  

I n  

S u b s t i t u t i n g  t h i s  value i n  

( 6 )  t h e  t a i l  f i e l d  i n c r e a s e  ABt becomes 12y, which i s  roughly t h e  
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So f a r  no assumptions have been made concerning t h e  shape o r  t h e  s i z e  

of the  t a i l .  

the  c r o s s  s e c t i o n a l  a r ea  o f  t he  t a i l  i n  u n i t s  of t h e  e a r t h ' s  c r o s s  s e c t i o n .  

I n  p a r t i c u l a r ,  i f  w e  t ake  t h e  t a i l  t o  be c y l i n d r i c a l ,  k becomes t h e  r a d i u s  

of  the  cy l inder  i n  u n i t s  of e a r t h - r a d i i .  Taking the  r a d i u s  of  t he  c y l i n -  

dri .ca1 t a i l  to be 15 R e ,  8 1  = 74.4' and 02 = 72.1'. 

To determine va lues  of  Q1 and 82 we must s p e c i f y  k2,  i . e . ,  

I n  the  course o f  the  compression o f  t he  magnetosphere t h e  t r a n s f e r  

of magnetic f lux  t o  the  t a i l  proceeds hydromagnet ica l ly .  Displacements 

of  l i n e s  of force  caused by a sudden inc rease  i n  t h e  s o l a r  wind p res su re  

have been discussed by Sugiura  (1965) us ing  the  Mead-Beard model wi thout  

i nc lud ing  the  t a i l .  

( 2 )  There i s  another  important  a spec t  i n  the  p re sen t  obse rva t ion  

t h a t  i s  Rot d i r e c t l y  r e l a t e d  t o  the  propagat ion  of t h e  sudden commencement 

change. The magnetograms from s e v e r a l  h igh  l a t i t u d e  o b s e r v a t o r i e s  i n  t h e  

Scandinavian s e c t o r  i n d i c a t e  t h a t  t h e  SC t r i g g e r e d  a l a r g e  change i n  t h e  

a l r eady  e x i s t i n g  d i s tu rbed  c o n d i t i o n s .  Such an example h a s  p rev ious ly  

been shown by Heppner (1968).  The important  a spec t  t o  be noted i s  t h a t  

t he  change i n  the  p o l a r  d i s tu rbance  t r i g g e r e d  by t h e  SC w a s  n o t  preceded 

by a change i n  the magne to ta i l .  This  g ives  an a d d i t i o n a l  suppor t  t o  our  

t h e s i s  (Heppner e t  a l . ,  1967) t h a t  t h e  immediate source of p o l a r  d i s tu rbances  

does not  l i e  deep i n  the magneto ta i l  and t h a t  i n s t e a d  t h e  d i s t a n t  magneto- 

t a i l  simply r e a c t s  t o  changes i n  the  f i e l d s  and plasmas w i t h i n  c losed  

magnetospheric she l l s  i n  the  "near t a i l ' '  r eg ion .  The response of t h e  mag- 

n e t i c  f i e l d  i n  t h e  t a i l  t o  an  a u r o r a l  zone nega t ive  bay i s  g e n e r a l l y  

c h a r a c t e r i z e d  by a c o l l a p s e  of  t h e  t a i l  f i e l d  c o n f i g u r a t i o n  and a r e t u r n  
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toward t h e  d i p o l e  c o n f i g u r a t i o n  i n  the  t a i l  s e c t o r  l o c a t e d  n e a r  t h e  meridian 

plane of  t h e  bay o n s e t .  Two examples of t h i s  n a t u r e  a r e  shown i n  F igure  6a 

which d e p i c t s  t h e  magnetic f i e l d  behavior a t  l a r g e  d i s t a n c e s  d u r i n g  t h e  

storm t h a t  followed the SC under d iscuss ion .  I n  Figure 6a t h e  two hatched 

epochs r e p r e s e n t  p o l a r  d i s t u r b a n c e s  as deduced from t h e  ground o b s e r v a t i o n s ,  

p a r t  o f  which a r e  shown i n  Figure 6b.  It i s  e v i d e n t ,  p a r t i c u l a r l y  from 

the  i n c l i n a t i o n  ang le ,  t h a t  fol lowing each of t he  two p r i n c i p a l  magnetic 

bay o n s e t s  o c c u r r i n g  near  t h e  s a t e l l i t e  meridian plane t h e  f i e l d  d e v i a t e s  

such a s  t o  approach the  t h e o r e t i c a l  f i e l d ,  r e p r e s e n t e d  by t h e  continuous 

curve.  

( 3 )  F i n a l l y ,  a b r i e f  remark i s  made on a main phase storm e f f e c t  

seen i n  F igure  6 a ,  namely the  l a r g e  devia t ion  of t h e  observed f i e l d  from 

t h e  t h e o r e t i c a l  r e f e r e n c e  f i e l d  in s ide  7 R e .  This  f i e l d  decrease i s  due 

t o  t h e  diamagnet ic  e f f e c t  of  a high energy plasma t h a t  e x i s t e d  d u r i n g  t h e  

main phase of  t h e  storm. Frank (1967) h a s  r e p o r t e d  on measurements from 

t h e  same s a t e l l i t e  of  e l e c t r o n s  and protons i n  t h e  energy range 0 . 2  t o  

50 kev i n  t h i s  r e g i o n .  Problems concerning l a r g e  magnetic storm e f f e c t s  

i n  t h e  magnetosphere w i l l  be discussed i n  a s e p a r a t e  paper .  

CONCLUSIONS 

A sudden magnetic f i e l d  increase was observed i n  t h e  magneto ta i l  

w i t h i n  about 30 seconds of  t h e  onset  a t  t h e  e a r t h  o f  t h e  sudden commence- 

ment on 8 J u l y  1966. Using t h e  IMP-3 and Explorer  33 magnetic observa t ions  

by Ness and Taylor  (1967) of the i n t e r p l a n e t a r y  shock t h a t  caused t h e  

sudden commencement, it i s  concluded t h a t  t h e  observed t a i l  f i e l d  i n c r e a s e  

i s  n o t  l i k e l y  t o  be  t he  r e s u l t  of an i n c r e a s e d  s o l a r  wind pressure  from 
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t h e  s i d e s  of t he  t a i l .  With an i d e a l i z e d  model we have shown t h a t  t h e  

i n c r e a s e  in t h e  t a i l  f i e l d  i s  due mainly t o  a t r a n s f e r  o f  magnetic f l u x  

t o  t h e  t a i l  by t h e  increased  s o l a r  wind p r e s s u r e  e x e r t e d  on t h e  f r o n t  and 

t h e  s i d e s  of t he  magnetosphere. 

To be c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  on t h e  e a r t h ' s  s u r f a c e  and 

by OGO-3 i n  t h e  magneto ta i l  t h e  v e l o c i t y  of t h e  shock i n  n e a r - e a r t h  i n t e r -  

p l a n e t a r y  space must have been approximately 500 km/sec wi th  an Alfvdn 

Mach number of  1 . 2 .  T h i s  v e l o c i t y  i s  apprec iab ly  lower than  t h e  va lue  of 

700 km/sec deduced by Lazarus and Binsack (1967) .  

Alfvin v e l o c i t i e s  i n  t h e  magnetosphere i n c l u d i n g  t h e  t a i l  o u t s i d e  t h e  

plasma sheet a r e  g e n e r a l l y  g r e a t e r  than  e i t h e r  t h e  Alfvdn v e l o c i t y  i n  t h e  

s o l a r  wind o r  t he  s o l a r  wind v e l o c i t y  i t s e l f .  Thus t h e  hydromagnetic 

p e r t u r b a t i o n  produced by an impact of  an i n t e r p l a n e t a r y  d i s c o n t i n u i t y  on 

the  s o l a r  s i d e  o f  t he  magnetosphere would normally propagate  i n s i d e  t h e  

magnetosphere and i n t o  t h e  t a i l  ahead of t h e  f r o n t  of t h e  d i s c o n t i n u i t y  

i n  i n t e r p l a n e t a r y  space.  Therefore  t h e  i n t e r p r e t a t i o n  presented  above 

must be of a q u i t e  genera l  n a t u r e  r a t h e r  t h a n  an account unique t o  t h e  

p a r t i c u l a r  event  t r e a t e d .  
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Figure  Captions 

F igure  1. The sudden commencement i n  t h e  magnitude B of the magnetic f i e l d  

observed by OGO-3. 

Figure 2 .  The magnitude (B) and d i r e c t i o n  ( s o l a r  e c l i p t i c  l a t i t u d e  8 and 

longi tude  8) of t he  magnetic f i e l d .  

8 and 8 c a l c u l a t e d  from three  components, two of which a r e  d i r e c t  

readings  from the  s e n s i t i v e  f luxga te  magnetometer; the  t h i r d  

component, being sa tu ra t ed  on the  s e n s i t i v e  s c a l e ,  was ca lcu-  

l a t e d  from B and t h e  remaining two components; t hus  when b i a s  

c o i l  c a l i b r a t i o n s  a r e  made on t h e  Rb magnetometer t hese  appear  

i n  8 and 8 through the computed t h i r d  component. 

B from t h e  Rb magnetometer; 

F igure  3 .  The magnitude of t h e  magnetic f i e l d  observed a t  t he  r a t e  o f  

6.94 samples pe r  second t o  i l l u s t r a t e  the smoothness o f  t he  v a r i -  

a t i o n ;  t he  smal l  s c a t t e r  i s  due t o  s p a c e c r a f t  no i se .  

F igure  4 .  Pro jec t ion  of the s a t e l l i t e  p o s i t i o n s  onto  t h e  s o l a r  e c l i p t i c  

plane and the  d e f i n i t i o n  of the 5 ,  7 axes.  

F igure  5 .  The 5-time r e p r e s e n t a t i o n  of the  propagat ion of t he  i n t e r p l a n e t a r y  

shock and the magnetospheric d i s turbance  ( i . e . ,  t he  sudden 

commencement), 

F igure  6a.  OGO-3 magnetic observa t ions  du r ing  t h e  s torm fo l lowing  the  J u l y  

8 sudden commencement, i l l u s t r a t i n g  v a r i a t i o n s  i n  the  magnetic 

f i e l d  approaching the  t h e o r e t i c a l  d ipo le  f i e l d  (shown by the  

cont inuous curve)  following negat ive  bay o n s e t s .  Two hatched 

a r e a s  r e p r e s e n t  t h e  p r i n c i p a l  nega t ive  bays occur r ing  near  t h e  

l o c a l  time zone o f  the  s a t e l l i t e .  
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Figure 6b. Ground observa t ions  a t  high l a t i t u d e s  du r ing  the  J u l y  8 storm. 

Negative bay onse t  t imes a r e  i n d i c a t e d .  The l e t t e r  "S" with  

an arrow, shown once f o r  each obse rva to ry ,  i n d i c a t e s  t he  time 

a t  which the  s a t e l l i t e  passed through t h a t  o b s e r v a t o r y ' s  meridian 

plane.  
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